In the seeds of angiosperms an often very large fraction of storage carbon accumulates as triacylglycerols, the seed oil. Most commonly, the predominant acyl groups of these oils are the same as those synthesized for membrane lipids, such as 16:0, 18:1, 18:2, and 18:3, albeit often in proportions different from those of polar lipids (Hilditch and Williams, 1964; Somerville and Browse, 1991) . In addition to a drastic scale-up of fatty acid biosynthesis relative to that in a normal cell, only one extra enzyme, diacylglycerol acyltransferase, is theoretically necessary to redirect the membrane glycerolipid biosynthesis pathway to the production of storage oils (Somerville and Browse, 1991) . However, certain genera or species of systematically divergent angiosperm families produce triacylglycerols containing 2 50-mol% saturated medium-chain (Cs-C14) fatty acids (Hilditch and Williams, 1964) . For example, members of the Ulmaceae accumulate 8:O and 10:0, whereas many Lauraceae species have 10:0 and 12:O as the predominant storage acyl groups. Myristicaceae often deposit 14:O. Palms (Araceae) and the genus Cuphea (Graham et al., 1981; Lythraceae) contain species emphasizing the whole range of medium chains. Certain palms are commercially grown as renewable resources for these fatty acids (Padley et al., 1994) .
Plant de novo fatty acid synthesis takes place in the stroma of plastids, with the growing acyl chain bound to ACP via a thioester bond. Triacylglycerol assembly occurs at a different cellular compartment, namely cytoplasmic membranes, and acyl-COA substrates are used (Ohlrogge and Browse, 1995) . To be channeled to triacylglycerol synthesis, the newly formed acyl chains of the plastid must first be released from the ACP by stromal acyl-ACP thioesterases, which are encoded by FatA and FatB genes (Voelker, 1996) . Subsequently, the free fatty acids exit the plastid and become esterified to COA. Since the hydrolysis of the acyl-ACP bond is the first committed step for plastidial export, the substrate chain-length preferences of the thioesterases are an important determinant of the fatty acyl composition in seed oils. Indeed, in all examples published to date, cDNAs encoding medium-chain acyl-ACP thioesterases with substrate chain-length specificities closely reflecting the seed-oil composition were isolated. Furthermore, when such specialized thioesterases were expressed in transgenic crucifers, species that accumulate almost exclusively C,, or longer fatty acids in their seed oils, a large proportion of the storage oil was directed to the production of the respective medium chains (Voelker et al., 1992; Dehesh et al., 1996a Dehesh et al., , 1996b for review, see Voelker [1996] ). In the current model a medium-chain acyl-ACP thioesterase prematurely hydrolyzes an elongation intermediate of the plastidial fatty acid synthase, and the resulting free fatty acids represent the source of the medium chains incorporated into the triacylglycerols. Phylogenetic sequence analysis suggested that such specialized enzymes evolved independently severa1 times from the normally long-chain acyl-ACP FatB thioesterase (Jones et al., 1995; Voelker, 1996) . Plant Physiol. Vol. 114, 1997 A 14:O-ACP-specific FatB was predicted to be active in maturing nutmeg (Myristica fragrans, Myristicaceae) seeds, with an oil containing 80 mol% 14:O (Hilditch and Williams, 1964) . Elm (Ulmus americana, Ulmaceae) seeds contain an oil with 65 mol% 10:0 and 10 mol% 8:O (Davies, 1993) . Therefore, we postulated that a FatB enzyme specialized in 8:O-and 10:O-ACP hydrolysis resides in maturing elm seeds. Indeed, in comparison to long-chainproducing seeds, the 10:O-ACP hydrolysis activity in elm seed extracts is unusually high, about 40% of the 18:l-ACP hydrolysis (Davies, 1993) . This suggested the existence of a 10:O-ACP thioesterase in addition to the conventional, ubiquitous FatA and FatB enzymes (for review, see Voelker [1996] ). We therefore set out to clone FatB cDNAs from these tissues and characterize the encoded enzymes. This would further validate the above model for other plant families and allow the genetic engineering of nove1 fatty acyl compositions.
MATERIALS A N D METHODS
Plant Material, RNA Isolation, cDNA Libraries, and Probes
Developing nutmeg (Myristica fragrans) fruits were harvested at the Harold L. Lyon Arboretum (University of Hawaii, Honolulu), placed on dry ice, and shipped to Calgene (Davis, CA). Total fatty acid proportions in seeds ranged from 0.2 to 2.2% of fresh weight and the proportion of 14:O correlated very well with the total fatty acid to fresh weight ratios. Seeds with very low amounts of fatty acids had practically no 14:O and by visual inspection appeared to be the least developed. In seeds between 0.2 and 0.5% fatty acids/fresh weight, 14:0 ranged from 4 to approximately 40 mol% of all acyl groups and continued to increase to about 80 mol% in seeds with the highest fatty acid deposition Ievels. From a visual inspection, the high-14:O seeds appeared mature. We deduced that we had seeds from various stages of seed-oil deposition. Seeds were pooled according to 14:O content (2-15, 2040, and >5O moi%) and total RNA was isolated from each of the groups using the protocol of Jones et al. (1995) . Equal amounts of total RNA were pooled and a bacteriophage AZAPII oligo(dT)-cDNA library (Stratagene) was generated from 50 p g of total RNA. The library was made according to the manufacturer's recommendations, except that we reversetranscribed the total RNA with reverse transcriptase (GIBCO-BRL) at 48°C to decrease rRNA priming (Robinson et al., 1992) . The unamplified nutmeg library was screened at moderate stringency (30% formamide at 37°C in 50 mM phosphate buffer, washes in 0.1x SSC at 30°C) with an 800-bp fragment from the coding area of Uc FatBZ (Voelker et al., 1992) . Two different classes of cDNAs were found: Mf FatBl (pCGN3872) and Mf FatB2 (pCGN3871).
Maturing elm (Ulmus americana) seeds were harvested from street trees in Davis, California. Embryos were excised and frozen in liquid nitrogen. RNA was isolated according to the method of Jones et al. (1995) , except that prior to the lithium chloride precipitation step, an equal volume of 4 M potassium acetate (pH 5) was added to the total RNA. The solution was kept on ice for 1 h and the RNA was sedimented by 30 min of 14,OOOg centrifugation at 7°C. The sediment was dissolved in water and the potassium acetate precipitation was repeated to further reduce a very significant contaminant. Ten micrograms of elm-seed poly(A) RNA was used to make a plasmid cDNA library using the vector pCGN1703 (Alexander, 1987) . First-strand cDNA, made from poly(A) RNA, was used as a template for the amplification of thioesterases sequences based on conserved peptide sequences, using primers and procedures described previously (Jones et al., 1995) . The 300-bp elm-seed PCR cDNA fragment obtained from the reaction termed S-V (Jones et al., 1995) was used for the screening of the elm library under the conditions described above, except that the formamide during hybridization was 50% and washes were at 37°C. The longest clone obtained was designated pCGN4807.
Determination of Thioesterase Specificity in Vitro
For the assay of nutmeg thioesterases, we fused the cDNA portions encoding the predicted mature portion of the preproteins in-frame to the lacZ N-terminal coding area of pBSK (Stratagene). For this purpose, we excised the respective fragments of pCGN3871 and pCGN3872 with SalI and XkoI. The SalI site is located 11 codons downstream of the predicted mature N terminus, as predicted by sequence conservation with the N terminus of the California bay (Umbellulania californica) Uc FatB1-purified protein (Voelker et al., 1992) . The XkoI site was supplied by the cDNA cloning vector and is located at the 3' end of the insert. The resulting lacZ expression constructs pCGN3855 and pCGN3856, respectively, as well as pBSK as a control, were used to transform Esckerickia coli K12Ymel (Klein et al., 1971) , and liquid cultures were harvested at 10' cellsl mL. Cells were resuspended in an assay buffer (7 mM potassium phosphate, p H 7,0.01% [v/v] Triton X-100,20% [v/v] glycerol, and 5 mM p-mercaptoethanol) and lysed by sonication. After the sample was centrifuged briefly at 14,00Og, aliquots of the supernatants were assayed according to the method of Pollard et al. (1991) , with 5 pmol of [l-14C]acyl-ACP substrate per assay (specific activities were 1.98-2.22 GBq mmo1-l).
To assay the thioesterase expressed from Ua FatBZ we cloned the cDNA portion encoding the mature region (from residue 45 to the C terminus) into the His-tag expression vector pQE30 (Qiagen, Chatsworth, CA). For this purpose, BamHI and HindIII sites were engineered by PCR at the 5' and 3' ends, respectively, of the expression fragment. The resulting plasmid and the vector clone were introduced into E. coli strain M15[pREP4] (Qiagen), grown to an A,,, of 1, and induced for 4 h with 0.2 mM IPTG at 30°C. Ten-milliliter cultures were harvested and the His-tagged protein was isoIated using the nickel beads supplied by the manufacturer (Qiagen). After the sample was diluted appropriately, the activity profile of the enzyme was determined as described above.
Plant Transformation and Analysis
For the seed-specific expression of Mf FatB1, we engineered via PCR a BamHI site 5 bp 5' to the translational initiation codon and a XhoI site directly downstream of the translational stop. The engineered reading frame was inserted into BglII/ XhoI-opened pCGN3223 (Kridl et al., 1991) , a seed-specific expression cassette. The chimeric gene was inserted as an Asp 718 fragment into the pCGN1578PASS version of the binary transformation vector pCGN1578 (McBride and Summerfelt, 1990) , resulting in pCGN3854, which was used to transform the low-18:3 Brassica napus cv Q04 (Radke et al., 1988) . For the seedspecific expression of Ua FatBl we supplied a coding region for a full-length transit peptide by swapping, at a conserved StuI restriction site, the incomplete Ua FatBl 5' sequence (StuI at bp 240 of Ua FatB1) with the full-length fragment of Ch FatBZ (StuI at bp 560 of Ch FatB1; Jones et al. [1995] ). Previously, an Sal1 site had been engineered 6 bp 5' of the Ch FatBl translational start (Jones et al., 1995) . After the swap, an XhoI site was engineered 3' of the Ua FatBl stop signal. The repaired hybrid reading frame was inserted into pCGN3223 as an SalIIXhoI fragment, and the chimeric gene was moved as a HindIII fragment to the binary transformation vector pCGN1578 (McBride and Summerfelt, 1990) . This resulted in pCGN4803, which was subsequently used to transform the B. napus cvs 212/86 and Q04 (Radke et al., 1988) . Transgenic plants were regenerated and grown in a greenhouse. Seeds were analyzed as described previously (Browse et al., 1986; Voelker et al., 1992) .
Expression of Ua FatBl in E. coli fadD
The reading frame of Ua FatBZ was fused to a modified lacZ N terminus. The thioesterase N-terminal fusion point was chosen because of its homology with the N terminus of Uc FatB1, as purified from California bay (Voelker et al., 1992) . A unique StuI restriction site seven amino acids downstream of the homologous amino acid residue facilitated the cloning. The cDNA clone pCGN4807 was digested with StuI and XbaI (filled in to create blunt ends) and the fragment was cloned into the SmaI site of pUC118, resulting in pCGN4812. The resulting reading frame encodes a 310-amino-acid fusion protein containing the C-terminal 299 amino acids of the predicted Ua FatBl polypeptide. The E. coli fatty acid degradation mutant strain K27 VadD88) (Klein et al., 1971) was transformed and liquid cultures were grown at 30°C. Execution of time courses was essentially as described previously (Voelker and Davies, 1994 ; for lipid analysis, see Jones et al., [1995] ).
RESULTS

Cloning of Nutmeg Thioesterase cDNAs
Since a11 known medium-chain-producing thioesterases belong to the FatB subclass of plant acyl-ACP thioesterases (Voelker, 1996) , and Myristicaceae are phylogenetically close to Lauraceae (Chase et al., 1993) , we used a fragment encoding most of the reading frame of Uc FatBZ (California bay, Lauraceae; Voelker et al. [1992] ) to screen a maturingseed cDNA library from nutmeg. We screened about 3 X 105 primary plaques, and a total of 29 independent nutmeg FatB clones were obtained. About 400 to 600 bp of DNA sequence at the 3' end of each clone were obtained, and a11 but three isolates were identical in the coding area covered. A 1983-bp clone from the majority group was designated Mf FatBl (DNA sequence not shown, GenBank accession no. U65642). Its 1332-bp-long open reading frame begins at bp 292, and its first in-frame initiation codon is at bp 337, defining a 430-amino-acid protein sequence (Fig. 1 ). AI1 three frames are interrupted in the 5' untranslated leader. This initiation codon designation was reconfirmed by sequence homology with other FatB preproteins ( Fig. 1) . Overall, the derived Mf FatBl protein has a11 of the typical FatB subclass features (Voelker, 1996) . The 3' untranslated sequences of a11 26 Mf FatBl cDNA clones appear to have a locus of high variability. Located eight bases 3' of the translational stop there begins a (TA), repeat (with n varying, from clone to clone, between 7 and 58) embedded in an otherwise identical sequence. This extreme variation is unlikely to be present in the nutmeg genome and must have been introduced either by transcription in vivo or during cDNA synthesis. In addition, the location of the poly(A) sequence varied between the individual cDNAs. This probably indicates that severa1 poly(A) sites, spread over 100 bp, are used in the processing of nutmeg FatB transcripts (data not shown).
A representative clone of the three-member minority group was completely sequenced and named M f FatB2 (sequence not shown, GenBank accession no. U65643). It is shorter than M f FatBl at the 5' end and, except for a 26-bp deletion, matches M f FatBl completely. The 5' beginning of the deletion is located at the 424th codon of M f F a t B l . This deletion changes the C terminus of the derived protein, making MfFatB2 26 residues longer than M f FatBl (most of it encoded by the TA repeat). In summary, apart from the variations observed in the 3' untranslated region among a11 clones, we found evidence for only two different coding regions. In addition, the nature of the encoded M f FatB2 C-terminal deviation (no protein homology to any Fat sequence, data not shown) makes it likely that M f F a t B 2 is either an artifact or the product of a degenerate allele.
Nutmeg FatBs Have a Broad-Range Specificity
To determine the specificity of the nutmeg thioesterases, DNA fragments encoding the mature enzyme portions were expressed in E. coli as lacZ N-terminal fusions, according to the method of Voelker and Davies (1994) . rates than the control and about equally. The hydrolysis of 12:O-ACP was only slightly elevated relative to the control. Clearly, Mf FatBl is a rather nonspecific long-chain acyl-ACP thioesterase. The specificity of Mf FatBl resembles the one of "housekeeping" FatBs, which are not restricted to medium-chain-producing tissues and species (Voelker, 1996) . For example, the specificity of the FatBl thioesterase of Arabidopsis thaliana significantly differs from M f FatBl only in its 2-fold-lower 14:O-ACP activity relative to the other long-chain ACPs (Dormann et al., 1995) . Expression of M f FatB2 gave identical results (data not shown).
To confirm the unexpected specificity of Mf FatBl in planta, we expressed its cDNA in maturing oil seeds. To this end, a cDNA fragment containing the preprotein reading frame was inserted into a maturing-seed-specific expression cassette derived from a Brassica rapa napin gene (Kridl et al., 1991) . Subsequently, B. napus cv Q04 was transformed and 60 plants were regenerated. The seeds of most transformants accumulated large quantities of 14:0, between 8 and 20 mol% ( (Fig. 2) , but in transformants with 5 to 10% 14:O about 2 times more 16:O was induced than 14:O (Fig. 3c) . In transformants with proportionally more 14:0, less 16:O accumulated (Fig. 3c) .
Cloning of Elm Thioesterase cDNAs
Using a mixed-oligonucleotide PCR strategy based on conserved sequences, we amplified an elm FatB cDNA fragment from first-strand cDNA derived from maturing embryos. Subsequently, the elm FatB PCR fragment was used as a species-specific probe for the screening of a maturingembryo cDNA library from elm. After screening 105 colonies we obtained nine positive clones, the longest of which was 1405 bp (pCGN4807; GenBank accession no. U65644). Partia1 sequencing of a11 other clones suggested that these clones were 5' truncated variations of pCGN4807.
The 1149-bp open reading frame of pCGN4807 begins at the 5' terminus of the clone and its deduced amino acid sequence is shown in Figure 1 . The elm sequence is clearly least related to At FatAl and shares all three Fat-class indicators (Al, A2, and A3; Voelker, 1996) with other FatB representatives. These features and the elm sequence's location in the FatB clade of a plant acyl-ACP thioesterase DNA-sequence-based phylogenetic tree (included in Jones et al. [1995] ) define its FatB character. Therefore, we des- napus genome, and the mature, pooled seeds from 60 independent transformants were analyzed. 14:O proportions were plotted against all non-14:O fatty acyl groups; so each vertical column of symbols represents one oil sample; the respective interception point with the x axis gives the 14:O proportions. a, Major fatty acyl groups; b, minor fatty acyl groups; c, the control background of 16:O (4.5 moi%) was subtracted from the 16:0 proportions as measured in the pools (a) and then divided by the respective 14:O proportions. Events with less than 4 mol% of 14:O were omitted.
ignated the mnemonic U a FatBl for its gene. Compared with At FatBl and Mf FatB1, an N-terminal portion of the putative transit peptide is missing, indicating that our U a FatBl clone is not full-length. However, the mature protein N terminus, as predicted by homology to the At FatBl polypeptide (Dormann et al., 1995) , is included in the derived polypeptide (Fig. 1, arrowhead) .
Elm Ua FatBl Has a Binary Chain-Length Specificity
The enzyme specificity of U a FatBl was measured as an affinity-purified, His-tagged protein (Fig. 4) . U a FatBl acts marginally on 8:O-ACP and much more on 1O:O-ACP. Its activity on 12:O-ACP is low, but U a FatBl is very active on 14:O-ACP and prefers 16:O-ACP over any other substrate tested. Even 18:O-ACP and 18:l-ACP are hydrolyzed well. with the series of saturated substrates tested, it appears that this enzyme's specificity has two peaks, one at C,, and one at C16. Acyl-ACP hydrolytic activities in extracts of maturing elm seeds (Davies, 1993) show that not only 10:O-ACP but also 14:O-ACP and 16:O-ACP levels are elevated relative to conventional long-chain-producing seeds (Voelker et al., 1992) . with its nove1 binary specificity, U a FatBl can be described as the common long-chain FatB housekeeping enzyme with an additional activity. This resembles Mf FatB1, except that the new preference is shifted farther down to shorter chain lengths.
Ua FatBl lntercepts the Plant Fatty Acid Synthase at
Medium-and Long-Chain Saturates
We wished to test the unusual U a FatBl by expression of the cDNA in a canola variety of B. napus. To this end, the missing N-terminal transit peptide coding area of U a FatBl was supplemented with the homologous area of Ch FatBl (Jones et al., 1995) . For transgenic plant production we followed the same rationale as described for Mf FatB1, and 30 plants were regenerated. The proportions of most saturates were elevated in seeds of U a FatBl transformants, especially of 16:O, which ranged from 15 to 33 mol% (Fig.  5) . Figure 5a shows that, as the proportion of 16:0 increases, 14:0 increases from nearly O up to 13 mol%, 10:0 to 4 mol%, 18:O to 4 mol%, and 12:0 to 1.5%. Only a trace production of 8:0 was seen (not shown). The increase in saturates (from approximately 7 to 54 mol%) was balanced predominantly by a reduction in 18:l (Fig. 5b) . We previously expressed FatB enzymes in E. coli and showed that FatB intercepts the bacterial fatty acid synthase very efficiently, especially in the saturated pathway (Voelker and Davies, 1994; Jones et al., 1995) . In an E. coli strain deficient in the degradation of free fatty acids (Klein et al., 1971 ) the impact of acyl-ACP thioesterases on bacteria1 fatty acid biosynthesis can be measured directly. Free fatty acids released by the thioesterase cannot be remetabolized and accumulate in large quantities in the medium, even after cessation of cell replication. In comparison, control cultures do not accumulate significant amounts of free fatty acids; therefore, free fatty acid accumulation is a quantitative measure of FatB action (Voelker and Davies, 1994) . Such strains thus provide a good heterTo further study the interaction of Ua FatB1 with a fatty acid synthase, we expressed the mature portion of Ua FatBl in E. coli. Like the California bay 12:0 thioesterase, the lacZ-driven elm Ua FatBl produced large quantities of free fatty acids. Overall, fatty acid biosynthesis was induced severalfold over a control culture (not shown). Rates of fatty acyl production were determined quantitatively for each fatty acid by taking complete culture samples (cells . ologous system for medium-chain production.
plus medium) at regular time intervals and measuring free fatty acids and phospholipids for each sample (not shown).
By subtracting the values of a given sample from the one following in the time course, we obtained the average acyl-production rate (in moles per hour per milliliter) for the interval between the time points (flux). The sum of the production rates of a11 free saturated fatty acids, plus the increase of 16:O in phospholipids constituted practically the complete output of the saturated acyl pathway during the respective time period. Figure 6 shows three examples. For the period shown in Figure 6a , 85% of the saturated pathway flux was hydrolyzed by Ua FatBl to free fatty acids. Under these conditions Ua FatBl produced mainly 14:O and 16:O. When the hydrolysis rate was increased (Fig.  6b) , the relative production of 8:O and 10:0 increased, and especially 16:O was diminished. When Ua FatBl hydrolyzed almost a11 of the saturated pathway production (Fig.  6c) , 10:0, and especially 8:0, became even more prominent. This result derived in a heterologous model organism represents an in vivo demonstration that a wide-specificity enzyme such as Ua FatBl can cause the production of very different fatty acids. In summary, these results support the in vitro characterization of Ua FatBl as a thioesterase acting on many saturated acyl-ACP substrates. More importantly, they support our theory that this broad-specificity enzyme might be the only thioesterase needed for the near-exclusive production of 8:O and 10:0 in elm seeds.
DlSCUSSlON
When they were first isolated, it was already hypothesized that specialized acyl-ACP thioesterases might be deployed for the formation of medium chains (Ohlrogge et al., 1978) . Evidence for such enzymes was furnished for the first time much later, in maturing seeds of California bay (Pollard et al., 1991) . The subsequent purification, cloning, and expression of such enzymes (for review, see Voelker [1996] ) showed that in a11 published investigations of medium-chain-producing seeds at least one specialized FatB thioesterase with a specificity closely corresponding to the medium-chain oil composition exists. For example, in the 14:O-producing Cuphea palustris, Cp FatB2, a 14:O-ACP-specific thioesterase expressed only in seeds, was found (Dehesh et al., 1996a) .
However, in nutmeg seeds, which accumulate almost exclusively 14:0, no FatB transcript could be found that coded for a 14:O-ACP-specific thioesterase. To our surprise, there were only transcripts encoding a rather nonspecific long-chain thioesterase quite similar to the unspecialized FatB enzyme (Dormann et al., 1995) found in a11 tissues investigated so far. Maturing elm seeds accumulate predominantly 8:O and 10:0, and we could not find a cDNA encoding a thioesterase with a matching activity. The only elm-seed FatB transcript appears to encode an enzyme with a bimodal specificity. It is possible but unlikely that we simply missed the specialized FatB clones in our library screens, since experience obtained with other species has shown that, in medium-chain-producing seeds, cDNAs encoding the specialized FatB are the most frequent isolates. Liquid cultures harboring a plasmid containing Ua FatBJ under the control of a lacZ promoter were grown at 30°C. Since the E. coli strain used does not overexpress the lac repressor, lacZ transcription from the multicopy plasmid was already significant without IPTC addition, and free fatty acids produced by Ua FatBl had already accumulated in uninduced cultures. Hydrolysis was already high during exponential growth and it continually increased during the early stationary phase (data not shown; described in detail for U c FatBl by Voelker and Davies [1994] ). The addition of IPTC increased the impact of Ua FatBI. To measure the rates of acyl production and hydrolysis during culture growth, complete culture samples were taken at regular time intervals and the acyl contents of free fatty acid (FFA) and phospholipid (PL) fractions were determined as described previously (jones et al., 1995) . Total saturated acyl flux is defined as the increase of all saturates (in phospholipids and as free fatty acids) between two points (rationale is described in more detail by Voelker and Davies [1994] ). a, Uninduced culture, exponential growth phase (bacterial titers of samples used were 8 X 10' colony-forming units/mL and 3.3 x 108 colony-forming units/mL); b, uninduced culture, stationary phase (titers of samples were 2 X 10' colonyforming units/mL each); c, IPTG-induced culture, stationary phase (titers of samples were 1.5 X 10' colony-forming units/mL each; IPTG had been added at 5 X 108 colony-forming units/mL).
In addition, intraspecific DNA sequence conservation in the FatB-coding area was found to be always higher than 75%, ensuring sufficient cross-hybridization for library screening. Alternatively, a F a f A or an unrelated gene might be mutated to encode a specific thioesterase in these species. To date, no FatA that is not an oleoyl-ACP thioesterase has been found (Voelker, 1996) . Although neither possibility can be ruled out, we would like to present a model that includes the thioesterases we describe in this report.
Davies (1993) compared acyl-ACP hydrolytic activities in seed extracts with the oil compositions of the respective seeds and found that there is often a difference between enzyme specificities and oil composition. One could argue that these discrepancies might have resulted from artifacts induced during the preparation of extracts, conferred by nonspecific hydrolases, etc. But there is more evidence for this discrepancy from testing FatB cDNA-expressed enzymes in vitro and in vivo. For example, in Cupkea kookeriuna seeds more 8:O than 10:0 accumulates, yet the mediumchain-specific enzyme from this species, Ch FatB2, hydrolyzes 10:O-ACP more readily than 8:O-ACP. Moreover, when Ch FatB2 was expressed in a long-chain oilseed, more 10:0 than 8:O accumulated, the C, to C,, ratio of which matched the in vitro data but not the C. hookeriana oil composition (Dehesh et al., 199613) . It is becoming clear that the production rate for a given fatty acid is not only dependent on the respective thioesterase but must be influenced by the rate of its fatty acid 'synthase interception. This view was first presented in more detail using computer simulation of a pathway-kinetic model (Davies, 1993) , and the first supportive in vivo evidence was supplied after expressing the California bay thioesterase in E. coli (Voelker and Davies, 1994) .
Our data obtained with expression of Mf FafBl in transgenic canola extend these observations to plants (Fig. 3c) . In transgenic seeds with 5 to 10 mol% 14:0, the C,, to C,, accumulation ratio is close to 2 (after correcting for the resident 4.5 mol% 16:O that already exists in the control). In seeds with higher 14:O proportions, 16:O proportions are increased to a lesser extent, so that the C,, to C,, ratio in the highest transformants is 30% lower (Fig. 3c) . This can be explained by the depletion of acyl-ACPs greater than C,,, which is caused by increased levels of Mf FatB1. Acyl-ACP depletion has been reported. For example, in maturing seeds of Cuphea lanceolata (90 mol% 10:0 in seed oil) pools of acyl-ACPs longer than C,, are very low (Singh et al., 1986) . In full agreement with the hypothesis, the engineering of 12:O production in E. coli with California bay U c FafBl drastically reduced the in vivo pools of acyl-ACPs longer than C,, . We believe that the extensive acyl-ACP hydrolysis by Ua FatBl at C, and C,,, as shown in Figure 6 , b and c, caused a drastic reduction of acyl-ACP pools greater than CIO. Therefore, production of 14:0, and especially 16:0, was much reduced relative to the in vitro data (Fig. 4) and to what was found in vivo at lower hydrolysis rates (Fig. 6a) .
There is an interesting analogy found in animals. In rabbits a broad-range type I1 thioesterase is specifically expressed in medium-chain-producing mammary glands. This enzyme competes with the resident long-chain thioesterase domain of the multifunctional fatty acid synthase for substrates. In an in vitro system consisting of isolated mammalian fatty acid synthase plus the rabbit mediumchain thioesterase, the free fatty acid production can be Plant Physiol. Vol. 11 4, 1997 shifted from medium chains to long chains by modifying the rate of malonyl-COA infusion (which modifies the throughput of the synthase; Knudsen et al. [1981] ). In summary, during fatty acid biosynthesis the hydrolysis rate of a given acyl intermediate in vivo and in vitro is a function of the respective thioesterase activity in relation to the competing fatty acyl elongation reaction. Significant hydrolysis of the acyl-ACP pool at a given chain length by a thioesterase will diminish substrate availability for subsequent hydrolysis at greater chain lengths. This in turn will shift the free fatty acid production of a broad-range thioesterase to the shorter chain lengths. However, we believe that interception rates caused by a thioesterase alone do not explain nutmeg and elm oil compositions.
In Elm and Nutmeg Seeds the Shift to Medium Chains 1s
Not Triggered by FatB One can envision that a greatly increased 14:O-ACP availability would facilitate high 140 production by Mf FatBl in nutmeg seeds. Such an increase of 14:O-ACP might be caused by a fatty acid synthase with a high chainelongation capacity up to 14:O-ACP and a reduced capacity for the following elongation(s). In such a situation, 14:O-ACP intermediates would preferentially accumulate and Mf FatBl could hydrolyze most of the carbon flux at the 14:O-ACP stage, leading to the high-14:O oil. We consider this to be the most likely scenario and therefore propose that, instead of a specialized FatB, it is a change of elongation capacity of the fatty acid synthase that is the primary factor for the switch from long-to medium-chain production in nutmeg.
A comparison of the elm oil composition (saturates are 10 mol% 8:0, 65 mol% 1O:O, 5 mol% 12:0, 4 mol% 14:0, 7 mol% 16:0, and 1 mol% 18:O; Davies [1993] ) with the in vitro data obtained with Uu FatBl (Fig. 4) shows a qualitative match of the elevated chain lengths, but the proportions of the respective saturates differ drastically. In the elm-seed oil 8:O and 10:0 are much more prominent than would be predicted from the specificity of Ua FatB1. In an analogy to our nutmeg model, if the chain-elongation capacity of the elm-seed fatty acid synthase significantly diminishes around Cs and C,, chain lengths, the resident Ua FatBl will produce an oil high in these chain lengths despite its apparently inappropriate specificity. The activity of Un FatBl on substrates longer than 109-ACP is inconsequential and contributes little to the seed-oil composition, because the pools of these substrates are much lower than those of 8:O-and 10:O-ACP. Conversely, if the binary thioesterase Ua FatBl is present in tissues that do not harbor a fatty acid synthase specialized for mediumchain triacylglycerol production (such as leaves), Ua FatBl could function merely as a conventional housekeeping FatB enzyme, like A t FatB1. This was demonstrated by expressing Uu FatBl in a tissue with a fatty acid synthase geared for long-chain production, such as maturing canola seeds. Predominantly 16:O accumulates, especially at lower expression levels (Fig. 5) . This is the role of the housekeeping FatB in soybean seeds (Kinney, 1996) and probably also in other plants and tissues (for review, see Voelker [1996] ).
The small quantities of medium chains produced by Ua
FatBl in such a situation would probably be recycled in tissues without a triacylglycerol "sink (such as leaves). An efficient medium-chain-recycling mechanism in leaves was demonstrated by transferring the California bay 12:O-ACPspecific Uc FatBl to canola leaves (Eccleston et al., 1996) . The binary specificity of the elm thioesterase, Ua FatBl (Fig. 4) , is quite striking and to date unique for a FatB enzyme, and we are not aware of a precedent in any other enzyme class. Clearly, all acyl-ACP thioesterases must have a means of "measuring" the length and the desaturation status of a given acyl-ACP substrate. However, how can a single enzyme display a binary specificity? There are severa1 possible answers. The enzyme carries either two independent "rulers; or one that serves all chain lengths with a depression at 12:O-ACP. Alternatively, it could be that the nascent Ua FatBl polypeptide can fold into two different tertiary structures, and each confirmation might have a different substrate specificity. Only the elucidation of the tertiary structure will resolve this question.
In summary, in elm and nutmeg a modified thioesterase does not appear to be the major determining element that switches the resident fatty acid synthases from long-chain to medium-chain production. The seed-specific expression of a different enzyme, one involved in fatty acyl elongation, may explain the respective seed-oil compositions. Indirect evidence for modified P-ketoacyl synthases in medium-chain producers has accumulated in the past (Deerberg et al., 1990; Heise and Fuhrmann, 1994) , and partially purified condensing enzymes from C. lanceolata hardly elongate 10:O-ACP (Schuch et al., 1993) . Very recently, it was demonstrated that a seed-specific /3-ketoacyl synthase from Cuphea wrightii selectively boosts the production of specific medium chains in transgenic Arabidopsis after co-expression with a broad-range FatB enzyme (M. Slabaugh, Oregon State University, personal communication).
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